ABSTRACT The binding of sodium ions to the transmembrane channel peptide gramicidin A has permitted the use of electrospray ionization mass spectrometry to study its conformation in different solvent environments. The mass spectra of the peptide in the various solvents suggest that different conformations of gramicidin A differ in their ability to bind metal ions. The data are consistent with monomeric behavior of gramicidin A in trifluoroethanol and dimethyl sulfoxide solutions, but reveal the presence of noncovalent intermolecular interactions in ethanol solution through the observation of heterodimers formed between the naturally occurring variants of the peptide. The addition of 50% v/v of water to the ethanolic solution causes changes in the circular dichroism spectrum of the peptide, suggestive of a shift in the equilibrium mixture of conformers present toward monomeric species, a result supported by its mass spectrum. The structure of gramicidin A in trifluoroethanol has also been investigated by hydrogen exchange measurements monitored by mass spectrometry. The observation of significant protection against exchange suggests that the monomeric peptide is highly structured in trifluoroethanol. The results indicate that mass spectrometry has the potential to probe the conformational behavior of neutral hydrophobic peptides in environments that mimic their functional states.
INTRODUCTION
Gramicidin A is a hydrophobic linear pentadecapeptide composed of alternating L-and D-amino acids that can form transmembrane channels that induce selective permeability to monovalent cations in lipid membranes (Urry, 1984) . In the channel conformation, in lipid membranes and SDS micelles, gramicidin A is considered to exist as an Nterminal to N-terminal right-handed ␤ 6.3 helix dimer (Arseniev et al., 1985 (Arseniev et al., , 1986 Nicholson and Cross, 1989; Prosser et al., 1991; Killian, 1992; Lomize et al., 1992) . It has been shown, however, that gramicidin A can adopt other conformational states in hydrated lipid bilayers. A number of factors may influence the conformation that gramicidin A ultimately adopts in a phospholipid dispersion. One of these factors is the solvent initially used to cosolubilize the phospholipid molecules and gramicidin A. Indeed, it has been shown that when gramicidin A is added to diacylphosphatidylcholine model membranes, the peptide initially associates with the lipid in a conformation that is dependent on the nature of the organic solvent from which it has been added (Killian et al., 1988; Killian, 1992; Bouchard and Auger, 1993; Bouchard et al., 1995) .
The conformation of gramicidin A in pure solvent systems has been the focus of a variety of studies. As a result, various models have been suggested for its structure in different solvents. The models have largely been inferred from spectroscopic techniques such as CD (Urry et al., 1972; Chen and Wallace, 1997) , nuclear magnetic resonance (Hawkes et al., 1987; Arseniev et al., 1985; Pascal and Cross, 1992) , infrared and Raman spectroscopies (Urry et al., 1972; Iqbal and Weidekamm, 1980) and high-performance liquid chromatography (Braco et al., 1986) . Urry and colleagues (1972) were the first to demonstrate the conformation to be solventdependent. Subsequent studies have given a detailed insight into the complexity of the conformational behavior of gramicidin A (Wallace, 1983) . For example, in most pure alcohols and dioxan it has been shown that gramicidin A adopts four different parallel, antiparallel, left-, or right-handed double-stranded helices that intertwine with each other Bystrov and Arseniev, 1988) . The kinetics of interconversion between the different conformers has been found to depend on the solvent type and peptide concentration Braco et al., 1988; Chen and Wallace, 1997) .
In more polar solvents such as DMSO, gramicidin A is present in a monomeric form . A number of studies have been performed in this solvent Iqbal and Weidekamm, 1980; Heitz et al., 1986; Hawkes et al., 1987) . Although all of these studies are consistent with a monomeric conformation, controversy remains about the secondary structure of this monomeric form. Several authors propose an equilibrium between a disordered structure and a ␤ 6.3 helical conformation (Hawkes et al., 1987) , while others proposed an LD-ribbon structure (Heitz et al., 1986) . In TFE, which is also highly polar, the conformation of gramicidin A has been proposed to be similar to that in DMSO (Urry et al., 1972) . Although the peptide does not behave identically in these two solvents, it is clear that gramicidin A is also present predominantly in a monomeric form in TFE (Abdul-Manan and Hinton, 1994) .
ESI-MS has become a powerful method for studying protein structure (Loo et al., 1991; Miranker et al., 1993; Wagner and Anderegg, 1994; Yi and Baker, 1996; Chung et al., 1997) . The electrospray process produces multiply charged gas-phase ions from a protein solution. The distribution of charged states observed in the mass spectrum is related to the conformations present in the solution. Moreover, in combination with hydrogen exchange measurements, ESI-MS has proved to be successful in studies of protein structure and dynamics, and particularly of protein folding and unfolding (Zhang et al., 1992; Miranker et al., 1996; Robinson et al., 1996) . ESI-MS permits accurate measurements of H/D distributions and hence can provide unique information concerning protein structure, the mechanism of conformational changes, and the nature of any intermediate states (Miranker et al., 1993; Wagner and Anderegg, 1994; Wang and Tang, 1996) . Furthermore, mass spectrometry is also well suited to the study of electrostatic interactions between ions and biomolecules, and it has been used to characterize the metal ion-binding properties of a variety of peptides and proteins (Senko et al., 1993; Gross and Williams, 1996) .
In the present study we have examined the structure of gramicidin A in different solvents using ESI-MS in combination with CD. We have determined that mass spectrometry can provide information on the state of gramicidin A in different solvent systems including unique information about its association with sodium ions. Moreover, when combined with hydrogen exchange measurements, information on the conformational properties of the peptide in TFE has been gained.
MATERIALS AND METHODS

Materials
Gramicidin A was purchased from Fluka Chemika-Biochemika-Analytica (Buchs, CH) and used without purification (purity Ն90% and free of gramicidin A C). DMSO and TFE were obtained from Sigma Chemical Co (Poole, Dorset, UK). Deuterium oxide was obtained from Fluorochem Ltd. (Old Glossop, UK). Ethanol, deuterated ethanol, and deuterated TFE were purchased from Aldrich Chemical Co. (Gillingham, Dorset, UK).
CD
Samples of the gramicidin A were prepared by dilution of a 5 mM ethanol solution of the peptide into solvent mixtures containing appropriate amounts of ethanol and water (1:1 final v/v ratio) or pure TFE (1:99 final v/v). The final concentration of the peptide was 100 M. The CD measurements were performed on a Jasco J-720 spectropolarimeter using a cell with a 10 mm optical path-length. Solvent spectra were subtracted from the measured spectra of gramicidin A. The reported spectra are averages of four scans from each of three independent preparations of each sample.
ESI-MS
Mass spectra were acquired in the positive ion mode on a Micromass Platform II mass spectrometer equipped with a nanoelectrospray probe. Samples were introduced into the ionization source from a gold sputtered borosilicate needle. All the spectra represent the raw data with minimal smoothing. The spectra are the averages of 16 scans for the structural study and 6 scans for the hydrogen exchange measurements. Spectra have been recorded under optimal instrumental conditions as described in the figure legends. Average masses are the intensity-weighted average calculated from the sum of the fractional mass of each isotope as given by the following equation: ⌺ (mass ϫ intensity of peak)/⌺ (intensity of total isotopic peaks). Back-exchange was negligible under the conditions used here and no corrections have been performed on the calculated masses.
Conformational study
Samples of gramicidin A in ethanol (5 mM) were diluted in DMSO, TFE, ethanol, and a mixture of water and ethanol (1:1 v/v) . The final peptide concentration in each case was 50 M. The final ethanol concentration in the TFE and DMSO samples was 1%.
Hydrogen exchange labeling of Gramicidin A and the tripeptide Ala-Ala-Ala
Deuterium-labeled gramicidin A samples were prepared by dilution of a 5 mM peptide solution in TFE into TFE-d 1 . The final peptide concentration was 50 M and the quantity of nondeuterated trifluoroethanol present was 1% v/v. In an additional experiment samples containing the tripeptide Ala-Ala-Ala as a reference molecule were produced by mixing both peptides together in TFE followed by dilution into deuterated TFE. The final concentration was 50 M for both gramicidin A and the Ala-Ala-Ala tripeptide, and 2% nondeuterated trifluoroethanol was present. The hydrogen exchange experiments were all performed at room temperature (23°C), and the mass spectra were acquired immediately after mixing. A new sample was used for each time point. The resolving power is high enough for the individual isotopes of the molecular ion to be observed; the multiplicity of the peak arises mainly from the contribution of the 1% natural abundance of the 13 C isotope of carbon with smaller contributions from the natural isotopes of oxygen, nitrogen, and hydrogen. We can also observe that the peaks are separated by 1 m/z unit, indicating that they arise from monomeric singly charged ions, a result consistent with the monomeric structure adopted by the peptide in this solvent (Urry et al., 1972; Killian, 1992; Bouchard and Auger, 1993) . The observed mass, however, is 23 Da greater than the mass of the free peptide (predicted average mass of the neutral peptide ϭ 1882.08 Da). The molecular ion therefore arises from the complexation of a sodium ion with the free peptide to form a stable monocharged adduct (predicted m/z ϭ 1905.06). This cationization process is interesting because it involves the noncovalent addition of a positively charged ion to a neutral molecule. This results in a charged complex that can be observed by mass spectrometry and therefore allows the analysis of a neutral hydrophobic biopolymer such as gramicidin A. Fig. 1 B shows the doubly charged state of the -GA molecular ion at m/z 964.02 with which two sodium ions are associated (predicted m/z ϭ 964.03). The peaks are separated by 0.5 m/z units, in full agreement with a doubly charged monomeric structure.
RESULTS AND DISCUSSION
ESI-MS of gramicidin A in different solvents
Gramicidin A occurs naturally as a mixture of variants, and species in addition to that described above can be observed in the spectra presented in Fig. 1 . For example, in 5-20% of the gramicidin A molecules, the valine at position 1 is replaced by an isoleucine residue (Gross and Witkop, 1965; Killian, 1992) . The peaks arising from this species, denoted -GA, complexed with a single sodium ion can be observed at m/z 1918.98 (predicted m/z ϭ 1919.08). Furthermore, a peak corresponding to singly charged gramicidin B, denoted -GB, where the tryptophan at position 11 is replaced by a phenylalanine residue (Gross and Witkop, 1965; Killian, 1992) , can be observed at m/z 1865.95 (predicted m/z ϭ 1866.05). In Fig. 1 B the doubly charged state of -GA, to which two sodium ions are associated, can be observed at m/z 971.07 (predicted m/z ϭ 971.03). The observed and calculated masses, charge states, and complexion states for the different species are given in Table 1 . (Killian, 1992) and the peptide also adopts a monomeric state in this solvent (Hawkes et al., 1987; Killian, 1992) . As in the spectra of gramicidin A dissolved in TFE, the singly and doubly charged served. The mass separation between the isotopic peaks is again 1 m/z unit in the case of the singly charged molecule and 0.5 units for the doubly charged peptide, showing that gramicidin A adopts a monomeric structure under these conditions. However, the spectra show the presence of peaks additional to those observed in TFE. In Fig. 2 Fig. 2 B, new species corresponding to doubly charged states of the peptide associated with only a single sodium ion are observed. The second charge in both these cases must come from protonation of the peptide. The doubly charged state of the peptide is confirmed by the 0.5 m/z unit separation between the isotopic peaks of the molecular ion. The observation of singly charged sodium complexes of the linear gramicidin A molecules is similar to the detection of complexes of gramicidin S and alkali metal ions shown in previous work (Gross and Williams, 1996) even though the two types of gramicidin A are functionally and structurally unrelated. In both peptides, the singly charged ions are predominantly attached to Na ϩ . However, in contrast to gramicidin A, the most abundant doubly charged gramicidin S ions are doubly protonated species rather than complexes with sodium ions. Fig. 3 shows the ESI-MS of gramicidin A in ethanol in the 1860 -1930 m/z region. The most abundant ion observed in the spectrum again corresponds to the singly charged state of the -GA to which a single sodium ion is complexed. Singly charged -GA and -GB complexed to sodium ions can also be observed in the spectrum. The 1 m/z unit difference between the isotopic peaks of these species shows that gramicidin A in this solvent is monomeric. However, it is well-established that gramicidin A in ethanol adopts four different dimeric double helical conformations ; the observation of monomeric species in the mass spectrum therefore suggests that the peptide undergoes dissociation during the ESI process. The peak at m/z 1912.19 does not, however, arise from any of the monomeric species present in the sample. It arises from the formation of a hetero-dimer between Table 1 .
The observation of the two heterodimers shows that even though the ESI process produces mainly singly charged monomers by dissociation of the noncovalently associated gramicidin A strands, a proportion of the peptide in the dimeric (double helical) conformation can be detected. These findings, therefore, indicate a partial preservation of the noncovalent interactions between gramicidin A molecules in ethanol, indicating that the peptide retains a history of its ethanol environment in the gas phase. The correlation between the solution and gas-phase structural information observed through the variants of gramicidin A also supports the conclusion that the combination of nanoflow ESI-MS and the use of different protein variants to produce heterooligomers represent a powerful means for probing protein complex formation such as protein aggregation (Vis et al., 1999) .
ESI-MS of gramicidin A in a 1:1 v/v ethanol/water mixture
Previous studies have characterized the monomeric and dimeric forms of gramicidin A under different conditions using CD spectroscopy (Urry et al., 1972; Chen and Wallace, 1997) . The CD spectrum of any molecule under given conditions is the sum of the spectra of all the individual conformers present in solution weighted by their relative abundance. The spectrum of gramicidin A in ethanol displays two strong negative absorption bands at ϳ210 nm and 228 nm that can be attributed to the various forms of intertwined double helical species present in this solvent Chen and Wallace, 1997) . By contrast, the CD spectrum of gramicidin A in TFE, in which the peptide is thought to be monomeric, shows a distinctive positive band at ϳ223 nm (Urry et al., 1972; Killian et al., 1992; Ogoshi and Mita, 1997) . When gramicidin A is dissolved in a mixture of ethanol and water (1:1 v/v) the CD spectrum obtained is almost identical to that of the peptide in TFE (Fig. 4) , indicating that the conformational state of the peptide in the mixed solvent system is closely similar to that found in TFE. The addition of 50% of water to the ethanolic gramicidin A solution has therefore resulted in the peptide converting from its double helical form to a monomeric conformation. Fig. 4 B shows the mass spectrum of gramicidin A dissolved in the ethanol/water mixture. The molecular ions observed are identical to those observed for the peptide in TFE in Fig. 1 A, listed in Table 1 . The 1 m/z unit difference between the isotopic peaks of all the molecular ions again shows that gramicidin A is monomeric under these solution conditions. No peaks associated with any dimeric species were observed in the mass spectrum. In addition, the sodium ion-binding properties of the peptide are similar to those in TFE, in contrast to the situation when the peptide is dissolved in DMSO. The observation of a monomeric state for gramicidin A in the ethanol and water mixture is therefore in full agreement with the monomeric CD pattern observed for the peptide in this mixed solvent system, and again shows the close correlation between the gas phase and the peptide structural characteristics in solution.
Deuterium exchange labeling of gramicidin A in trifluoroethanol monitored by ESI-MS
In order to probe further the characteristics of the monomeric state of gramicidin A in TFE, the hydrogen exchange properties of the peptide have been investigated. Gramicidin A contains 21 labile hydrogens of which 15 are backbone hydrogens. The remaining labile hydrogens consist of four indole protons and the two exchangeable hydrogens of the ethanolamine terminus. If all 21 hydrogens were to be replaced by deuterons the average mass would increase from 1905.06 Da to 1926.06 Da.
The hydrogen/deuterium exchange experiments were carried out by dilution of a solution of gramicidin A in TFE into pure deuterated TFE to give a 1:99 final v/v ratio of normal to deuterated TFE, at room temperature, and aliquots were collected as a function of time. Fig. 5 A shows the time evolution of the mass spectrum of gramicidin A after dilution and hydrogen exchange. The m/z region between 1900 and 1950 is shown. The rate of deuterium exchange can also be observed by plotting the molecular mass as a function of time. Fig. 5 B shows the time evolution profile of the average mass of the ϩ1 [1-Val]-GA molecular ion complexed to one sodium ion during the hydrogen exchange reaction of the peptide. The data can be fitted to a biexponential function with amplitudes of 5.4 Da and 13.7 Da, and time constants of 37 min and 14 h, respectively. This result is consistent with a model in which the four indole protons and the two labile hydrogens of the ethanolamine group of the peptide exchange first, followed by the exchange of the remaining amide hydrogens. Similar results were obtained for the ϩ1 [1-Ile]-GA molecular ion (results not shown).
In the hydrogen/deuterium exchange experiment, protein conformers with reduced hydrogen bonding and/or increased solvent accessibility show more rapid deuterium incorporation than do the more stable conformers. The mechanism for amide exchange in proteins generally involves the unfolding and refolding of the protein conformers. Transient unfolding may also occur via local or sublocal fluctuations of the protein structure. Two limiting processes can be considered to relate the protein structural fluctuations to the observed exchange behavior. These are the EX1 and EX2 exchange mechanism (Miranker et al., 1993; Zhang and Smith, 1993; Chung et al., 1997; Engen et al., 1997 Engen et al., , 1999 . Exchange occurs in the EX1 regime if the interconversion between open and closed structures is slow compared to the intrinsic amide exchange rate. This mechanism will give rise to two distinct populations, the fully protonated and the fully deuterated forms. In this case the mass spectrum would show two peaks, each associated with individual isotopically labeled populations, and the intensities of the two mass peaks, but not their individual masses, will vary with time. In contrast, an EX2 mechanism is observed if the exchange rate is slow compared to the unfolding/refolding reaction. In this case the structural transition will take place on average many times before exchange occurs and the occupancies of protons and deuterons at different sites on a given molecule need not be correlated. Instead, each molecule in the solution ensemble will have, on average, the same number of exchanged hydrogens and the population will appear in the mass spectrum as a single peak, which shifts to higher masses as the extent of exchange increases.
The time evolution of the mass spectrum observed in Fig.  5 A clearly shows that the hydrogen exchange of gramicidin A in deuterated TFE occurs according to an EX2 mechanism. A single set of peaks is always observed resulting from a random distribution of the deuterons in the peptide. The peak width does not change significantly through the exchange time course sampled, suggesting that a narrow distribution of conformers is present at any time (Chung et al., 1997) . The slowness of the exchange observed for gramicidin A in deuterated TFE relative to the intrinsic exchange rate of amides in water suggests protection of the exchangeable hydrogens due to the presence of persistent structure. However, it is well known that intrinsic hydrogen exchange rates are strongly dependent upon the solvent conditions used Kallenbach, 1983: Maier et al., 1997) and therefore the kinetic exchange profile observed gives no direct information regarding the structure, or the presence of conformers in rapid equilibrium, of gramicidin A in TFE and a definitive statement to this effect requires knowledge of the intrinsic exchange rates of amide hydrogens under these conditions.
In order to explore this further, the hydrogen exchange properties of an unstructured tripeptide (Ala-Ala-Ala) were measured in the presence of gramicidin A and compared to those of the latter. MS offers the advantage of being able to follow the exchange properties of different molecular species simultaneously, providing they have different masses. Thus exchange rates of both peptides could be measured under identical solution conditions. Although the rates of exchange vary with sequences, their variations are likely to be less than a factor of 10 for an unstructured peptide (Bai et al., 1993) . The structure of the Ala-Ala-Ala tripeptide in TFE has been studied by CD (results not shown) and clearly shows that the peptide possesses no significant secondary structure in TFE. Fig. 6 shows mass spectra of the mixture of gramicidin A and the alanine tripeptide before (A) and 160s after (B) dilution in deuterated TFE and hydrogen exchange. In Fig.  6 the singly charged Ala-Ala-Ala tripeptide associated with one sodium ion at m/z ϭ 254.39 and the previously described singly charged - -GA ions are shown. After 160 s the mass of the tripeptide has increased from 254.39 to 259.37 Da, showing that exchange of the five labile hydrogens of the tripeptide is virtually complete. However, for gramicidin A, the extent of exchange that has occurred over that time period is small and the peptide remains significantly protonated. Because both of the peptides are studied simultaneously a direct comparison of their exchange rates can be made. This comparison indicates that the average exchange rate of the amide hydrogens of gram-FIGURE 6 ESI mass spectra monitoring and comparing the hydrogen exchange of the Ala-Ala-Ala tripeptide and gramicidin A at room temperature (A) before initiation of the exchange and (B) 160 s after dilution in deuterated TFE. The two peptides were mixed before the exchange, hence the H/D exchange of both species took place under identical conditions. icidin A is significantly reduced compared to the Ala-AlaAla peptide, and therefore suggests that gramicidin A in TFE possesses persistent structure in contrast to the tripeptide. Exchange protection of such magnitude has been observed for other peptides and proteins in TFE (Buck et al., 1993; Bolin et al., 1996) . When gramicidin A is incorporated into lipid bilayers from a solution of TFE the peptide directly incorporates in the ␤ 6.3 helical conformation (Bouchard and Auger, 1993; Bouchard et al., 1995) and hence this helical structure is the most probable conformation for gramicidin A in pure TFE. Other studies using CD and nuclear magnetic resonance have found gramicidin A to be monomeric and structured in TFE, possibly existing as species consisting of ␣ or ␤ 4.4 helices (Abdul-Manan and Hinton, 1994). However, the MS results presented here cannot alone verify a particular model for the peptide dissolved in the pure solvent system, and further experiments are necessary to fully determine the structure of gramicidin A in TFE.
CONCLUSIONS
Although originally introduced as a method for molecular weight and primary structure determination of biopolymers, the ability of ESI-MS to provide information on the structure and specific noncovalent interaction of macromolecules in solution is presently adding a new dimension to the technique (Rostom and Robinson, 1999) . ESI-MS has been used here to examine the conformational state of the transmembrane channel peptide gramicidin A in different solvents. Four solvents have been studied: ethanol, a 1:1 mixture of ethanol and water, TFE, and DMSO. The interactions of the peptide with sodium ions provided a unique opportunity to observe and investigate the structural properties of gramicidin A by generating a variety of charged species for detection in the mass spectrometer. This may be a general approach to studying strategically neutral hydrophobic peptides of the type frequently associated with membrane environments.
For the peptide in DMSO, TFE, and in the 1:1 mixture of ethanol and water, only monomeric species are observed in the mass spectra. In the case of the peptide in TFE, hydrogen exchange measurements show that the monomeric species present in solution are highly structured. The observation of molecular peaks associated with the formation of heterodimers between different gramicidin A variants in pure ethanol indicates the presence of noncovalent dimers in this solvent, a finding consistent with the double helical structures identified in earlier studies using conventional structural techniques . The ability to observe such species for a relatively small peptide is a testament to the recent development of soft ionization in ESI-MS procedures. These findings and the results of a related study of a repressor proteins (Vis et al., 1999) suggest noncovalent peptide or protein association phenomena can in general be probed by using procedures to generate heterodimers in mass spectrometric investigations. The results of this present study also provide information concerning the binding of sodium ions to gramicidin A. The peptide can bind one or two sodium ions in either the monomeric or the dimeric state, depending upon its conformation and the solvent in which it has been solubilized.
